Deformation mechanism of the recycled aluminum alloy by solid state recycling at elevated temperature was investigated. Elongation of the recycled specimen did not decrease when deformation mechanism was other than grain boundary sliding. Harmful effect of contaminations is negligible when deformation mechanism is related to dislocation activity in grains.
Introduction
Aluminum-based alloys are some advantages such as the low density, high corrosion resistance and high thermal conductivity. For low CO 2 emission of transportations, application of aluminum alloy to structural components of vehicles is increasingly becoming important due to its high specific strength. Now, aluminum alloy ranks the second in consumption in the world among metals and its recycling is one of important technologies for materials circulation. 1, 2) In the current recycling processes, however, it is difficult to metallurgically eliminate detrimental elements such as contaminations of iron, silicon, etc. from aluminum scraps by re-melting process. 3, 4) Hence, the current recycling processes are often downgrade recycling.
5)
The desirable recycling is non-downgrade or upgrade recycling, in which service properties of a recycled material are the same as or higher than those of a virgin ingot, with low energy consumption. In particular, upgrade recycling may be attained for scraps in manufacturing facilities such as machined chips because contamination of detrimental elements is less for scraps in manufacturing facilities. The solid state recycling [6] [7] [8] [9] [10] [11] [12] is one of promising candidates for upgrade recycling. In the solid state recycling, metal scraps are directly recycled by plastic deformation process such as hot extrusion. It should be noted that re-melting is not needed for the solid state recycling. The previous works 6, 7, 9, 11, 12) showed that the recycled Al and Mg alloys show excellent mechanical properties at room temperature due to grain refinement and dispersion of oxides. However, the recycled specimen showed low elongation at elevated temperature. 9, 11) The low elongation for the recycled specimen was attributed to excessive cavity formation. 9, 11) However, there are few data to understand the fracture mechanism of the recycled specimen. It is well known that fine-grained aluminum alloys show superplasticity in a low strain rate range and power law dislocation creep in a high strain rate range at elevated temperature. 13, 14) In the present paper, the relationship between the deformation processes and the elongation characteristics at elevated temperature is investigated by tensile tests for the solid-recycled Al-Mg alloy specimens.
Experimental Procedure
Chips were prepared as scraps by machining an asreceived 5083 aluminum alloy block in a lathe without lubricants. The average width and thickness of the machined chips were 1.4 and 0.2 mm, respectively. The machined chips were filled into a container with a diameter of 40 mm and extruded at 723 K with an extrusion ratio of 45:1 in air. For comparison, extrusions were processed from an as-received 5083 aluminum alloy ingot block under the same conditions as the extrusions made of machined chips. A metallographic investigation was carried out by optical microscopy (OM) and transmission electron microscopy (TEM). The samples for transmission electron microscopy were prepared as follows. Thin foils were cut from the extruded specimen parallel to the extrusion direction and mechanically ground to a thickness of 60-70 mm, and then they were further thinned to about 20 mm by dimpling, followed by ion-thinning until perforation. The grain size of the specimens was measured by the linear intercept method using d ¼ 1:74L, where L is the liner interception size. Differential scanning calorimetry (DSC) analysis of the recycled specimen and the virgin specimen was performed to 973 K at a rate of 0.167 K s À1 . Tensile tests were carried out at room temperature À853 K and at a strain rate of 2:8 Â 10 À2 to 2:8 Â 10 À4 s À1 . The tested specimens had a gauge length of 5 mm and a gauge diameter of 2.5 mm. The tensile axis was parallel to the extrusion direction. The temperature variation during the tensile tests at elevated temperature was not more than 1 K. Grain boundary sliding of the deformed specimen was investigated by scanning electron microscopy.
Results and Discussion
Microstructures of the virgin specimen (a) and the recycled specimen (b) are shown in Fig. 1 . As shown in Figs. 1(a) and (b), fine-grained microstructure with the grain size of 4 mm was observed for both the specimens. Dynamic recrystallization occurs during hot extrusion for Al-Mg alloys. 15) Hence, it is suggested that grain refinement for both the specimens is attributed to dynamic recrystallization during 16) In the recycled specimen, the other particles were observed at grain boundaries, as shown in Fig. 2 . It is noted that the particles were gathered locally and coalesced particles were observed. EDS analysis shows a strong peak of oxygen at the particles, indicating that the coalesced particles in the recycled specimen are oxides which are originated from the surfaces of machined chips. Figure 3 shows the variation in ultimate tensile strength and elongation to failure as a function of testing temperature at 2:8 Â 10 À3 s À1 for the recycled specimen and the virgin specimen. Both specimens showed the same behavior in tensile strength under the testing conditions investigated, as shown in Fig. 3 . Besides, there was no difference in elongation to failure between the recycled specimen and the virgin specimen under the testing conditions except 673 and 723 K, though the elongation to failure for the recycled specimen was lower than that of the virgin specimen at 673 and 723 K. It should be noted that the elongation at elevated temperature for the recycled specimen is not always lower than that of the virgin specimen. DSC analyses showed no difference in solidus temperature between the recycled specimen and the virgin specimen and the solidus temperature was 855 K for both the specimens. The tensile tests could not be carried out at the solidus temperature because the specimens were fractured at the beginning of tensile tests.
The variation in flow stress and elongation to failure as a function of strain rate at 723 and 823 K for the recycled specimen and the virgin specimen is shown in Figs. 4(a) and (b). As shown in Fig. 3 , 723 K is the temperature where there was the large difference in elongation at 2:8 Â 10 À3 s
À1
between the recycled specimen and the virgin specimen, on the other hand, 823 K is the temperature where the recycled specimen showed the same elongation as the virgin specimen at 2:8 Â 10 À3 s À1 . Inspection of Fig. 4(a) reveals that the elongation for the recycled specimen was lower than that of the virgin specimen in a low strain rate range where high strain-rate-sensitivity of about 0.5 was obtained, however, there was no difference in elongation between the recycle specimen and the virgin specimen in a high strain rate range where the strain-rate-sensitivity was relatively low (¼0:3). This indicates that the origin of fracture for the recycled specimen is related to the deformation mechanisms.
The side surfaces of the recycled specimens and the virgin specimens deformed to fracture at 723 and 823 K are shown in Fig. 5 , where the strain rate is 1:4 Â 10 À3 s À1 . In both of the specimens, bumpy surface was observed at 723 K, indicating that grain boundary sliding occurred at 723 K. However, no evidence for grain boundary sliding was observed at 823 K. The results in Figs. 4 and 5 suggest that deformation mechanism is the same between the recycled specimen and the virgin specimen.
The strain-rate-sensitivity was 0.5 at 723 K with 1:4 Â 10 À3 s À1 . Hence, the dominant deformation process in the high strain-rate-sensitivity (m ¼ 0:5) range at 723 K is grain boundary sliding. In the low strain-rate-sensitivity range at 723 K, the deformation mechanism is probably the solute drag creep because Al-Mg alloy show the strain rate sensitivity of about 0.3 in solute drag creep. 17, 18) On the other hand, the strain-rate-sensitivity at 823 K was about 0.1 in the strain rate range investigated. The grain size of the recycled specimen deformed to fracture at 1:4 Â 10 À3 s
was 5 mm at 723 K and 16 mm at 823 K, respectively. Therefore, the low strain-rate-sensitivity at 823 K may be related to excessive grain growth during the tensile tests.
Another possibility for the low strain-rate-sensitivity at 823 K is the threshold stress. Anyway, the dominant deformation process in the low strain-rate-sensitivity range at 723 and 823 K is not grain boundary sliding. Therefore, it is concluded that in the conditions investigated, the elongation for the recycled specimen is lower than that of the virgin specimen when the dominant deformation process is grain boundary sliding, however, there is no difference in elongation between both the specimens when the dominant deformation process is not grain boundary sliding. The previous paper 11) showed that the elongation of the recycled specimen is attributed to excessive cavities formed at grain boundaries. Cavities are preferentially formed at particles located at grain boundaries when grain boundary sliding occurs. 19, 20) It is therefore likely that the coalesced oxide particles located at grain boundaries in the recycled specimen, as shown in Fig. 2(b) , promote cavity formation, resulting in lower elongation when the dominant deformation process is grain boundary sliding. However, when the dominant deformation process is not grain boundary sliding, the harmful effect of the contaminations is negligible because dislocation activity in grains is scarcely affected by the contaminations located at grain boundaries.
Conclusion
Deformation characteristics of recycled 5083 aluminum À4 s À1 . The recycled specimen exhibited low elongation, compared to the virgin specimen, in a high strain-ratesensitivity (m ¼ 0:5) range where the dominant deformation process was grain boundary sliding. However, the elongation of the recycled specimen was almost the same as that of the virgin specimen in a low strain-rate-sensitivity range where the dominant deformation process was not grain boundary sliding. Therefore, the harmful effect of the contaminations is negligible when the dominant deformation process is related to dislocation activity in grains.
